The phenazines are a class of over 150 nitrogen-containing aromatic compounds of bacterial and archeal origin. Their redox properties not only explain their activity as broad-specificity antibiotics and virulence factors but also enable them to function as respiratory pigments, thus extending their importance to the primary metabolism of phenazine-producing species. Despite their discovery in the mid-19 th century, the molecular mechanisms behind their biosynthesis have only been unraveled in the last decade. Here, we review the contribution of structural biology that has led to our current understanding of phenazine biosynthesis.
Introduction
Readily observable phenomena have triggered scientific research since its early beginnings. The phenazines, whose biosynthesis is reviewed here, also owe their discovery and subsequent investigation to an observation that can be made with the naked eye: the medical literature of the 19 th century reports numerous cases of "blue pus", normally associated with drastic surgical procedures that required long periods of wound care. In 1859, Fordos described the use of chloroform to extract the blue pigment responsible for this coloration, which he named "pyocyanin" after the Greek words πύο (pus) and κυανό (cyan) [1, 2] . More than 20 years later, Carl Gessard linked the occurrence of pyocyanin to the presence of a microorganism that he called Bacillus pyocyaneus [3] , an organism that was also investigated by others around that time, albeit without referring to the work of Fordos. Today, B. pyocyaneus is known as Pseudomonas aeruginosa [4] , and the name still reflects its capacity to produce pigments: aerugo is Latin for verdigris, the blue-green coating on copper that develops after long exposure to air or seawater.
In 1924 Wrede and Strack showed that pyocyanin (PYO) is a phenazine derivative [5] , and the chemical structure was established as 5-N-methyl-1-hydroxyphenazinium betaine by Hillemann in 1938 [6] . Phenazine derivatives have now been isolated from several Gram-positive and -negative bacteria as well as from archeal Methanosarcina species, and the number of known phenazine natural products has grown to over 150 (Dictionary of Natural Products, Taylor & Francis Group, available at dnp.chemnetbase.com; examples are shown in Fig. 1 ). PYO is still by far the best-studied representative of this family, largely because P. aeruginosa is an important opportunistic and nosocomial pathogen and also a major contributor to the early mortality observed in patients with cystic fibrosis [7] [8] [9] . In addition, PYO production provides an easy readout for assessing quorum sensing in P. aeruginosa, which is intensely studied in many laboratories worldwide.
Phenazines are redox-active compounds that trigger the formation of toxic reactive oxygen species by directly reducing molecular oxygen, explaining why they are broad-specificity antibiotics and virulence factors [10] [11] [12] [13] . While it has long been believed that the resulting competitive advantage is the physiological rationale for phenazine production, the field is currently experiencing a paradigm shift since new data indicate that phenazines also play a role in the primary metabolism of their producers. PYO, for example, can directly oxidize NADH, which may be required to sustain glycolysis in anoxic regions of biofilm [14] . The importance of PYO is corroborated by the observation that the number of surviving bacteria is greatly reduced in a mouse model of acute lung infections when PYO biosynthesis is impaired [15] and that strongly altered colony morphologies are observed in phenazine-deficient mutants of P. aeruginosa [16] .
A conserved set of phenazine biosynthesis genes has been found in all bacterial phenazine producers investigated to date [17] . These genes are normally clustered in an operon that encodes five enzymes -2-required for the generation of the "core" phenazines, phenazine-1,6-dicarboxylic acid (PDC) or phenazine-1-carboxylic acid (PCA), which are the precursors for strain-specific phenazine derivatives.
Interestingly, PDC-and PCA-producers cannot be distinguished from the sequences of their "phz"-operons, an observation which is explored further below. The phz-operon is usually extended by genes needed for conversion of PDC or PCA into downstream products, genes involved in phenazine autoresistance and in delivery of precursors or regulation of the pathway.
The chemistry of phenazine biosynthesis has been studied since the 1960s (reviewed in [18] ), but only with the discovery of the phz-operon in the late 1990s and the subsequent application of structural biology and biochemical experiments in the last decade has it become possible to draw a detailed picture of this pathway (Figs. 2 and 3 ).
Phenazine biosynthesis
Experiments in the early 1970s showed that phenazines are derived from two molecules of chorismic acid [19, 20] , but it was for a long time not clear what transformation chorismate underwent prior to formation of the initial phenazine tricycle. Anthranilate was logically investigated, but no significant incorporation into phenazines was observed [21] . However, anthranilate biosynthesis proceeds via 2-amino-2-desoxyisochorismic acid (ADIC), and Floss and coworkers demonstrated in a first biochemical analysis of the phz-operon that ADIC is completely incorporated into PCA, suggesting that phenazine biosynthesis branches off at this point [22] .
In phenazine-producing bacteria, ADIC formation from chorismate is catalyzed by PhzE, a homodimeric enzyme closely related to anthranilate synthases (AS) but incapable of invoking the pyruvate elimination from ADIC to yield anthranilic acid. PhzE differs from the previously characterized heterotetrameric AS enzymes [23] [24] [25] in that the N-terminal chorismate-converting menaquinone, siderophore, tryptophan (MST) domain is covalently fused to the type-1 glutamine amidotransferase (GATase1) domain. Even more surprisingly, the crystal structure revealed that PhzE is an intertwined dimer in which the GATase1 domain of one chain provides ammonia to the MST domain of the other (Fig. 3) . Ligand binding induces the formation of a potentially gated intramolecular channel for the diffusion of NH 3 from the GATase1 to the active center of the MST domain. The channel ends at the si face at C2 of chorismate, which explains the stereochemistry of ADIC. Interestingly, the active site of PhzE's MST domain is very similar to that of AS and reveals no indication of why AS further converts ADIC to anthranilate whereas PhzE does not. Attempts to convert PhzE into an AS via mutations yielded only inactive enzyme, leaving questions regarding differences between the two enzymes open [26] .
-3-In the following step, PhzD cleaves ADIC to (5S,6S)-6-amino-5-hydroxy-1,3-cyclohexadiene-1-carboxylic acid. This compound was first introduced into the literature as trans-2,3-dihydro-3-hydroxyanthranilic acid (DHHA) [27] . PhzD is an α/β-hydrolase but unlike structurally similar enzymes, such as nicotinamidase, PhzD is not metal-dependent nor is a covalent intermediate formed in the course of ADIC hydrolysis. Instead, PhzD employs an acid/base catalytic mechanism that involves an aspartic acid and probably a lysine residue (D38 and K122, Fig. 3 ) [28] .
DHHA is the last stable intermediate in the pathway leading to PCA or PDC. It is the substrate of PhzF, an enzyme structurally similar to diaminopimelate epimerase [29] , proline racemase [30] , 2-methylaconitate isomerase [31] , and 3-methylitaconate-Δ-isomerase [32] . However, whereas all of the latter require one or two cysteines as classical acid/base-catalytic residues, PhzF relies on a glutamate (E45, Fig. 3 ) to isomerize DHHA into 6-amino-5-oxocyclohex-2-ene-1-carboxylic acid (AOCHC) [33, 34] . The reaction is thought to proceed via abstraction of a proton from C3, delocalization of the negative charge through the conjugated double bond system and reprotonation at C1, followed by tautomerization of the resulting enol to AOCHC. NMR analysis in D 2 O showed that the proton from C3 is fully recycled to C1 [34] . Further, crystal structures of the subsequent phenazine biosynthesis enzymes in complex with substrate analogues and in-situ-generated intermediates (see paragraphs on PhzB and PhzG) confirmed that deprotonation at C3 and reprotonation at C1 take place at the same face of the six-membered ring. Together, this indicates that the reaction catalyzed by PhzF can be classified as a suprafacial [1, 5] proton shift and it is hence possible that the underlying mechanism is a sigmatropic rearrangement rather than acid/base catalysis.
The aminoketone AOCHC is highly reactive and cannot be isolated. One of the reactions it undergoes spontaneously is a twofold condensation with a second molecule of itself. Such a diagonalsymmetrical pairing as a central step in phenazine biosynthesis was already established in the 1970s, albeit without knowing the chemical structure of the pairing intermediate [35] [36] [37] . The selfcondensation of AOCHC may be aided by a structural feature of PhzF: the enzyme is a "face-to-face" homodimer that adopts a closed conformation with a central cavity upon ligand binding [34] . The likelihood of two AOCHC molecules meeting each other would be increased if one assumes that both active centers release product simultaneously through this cavity. The kinetic properties of PhzF have, however, not been studied in sufficient detail as yet to determine to what extent PhzF facilitates AOCHC condensation.
Since the condensation of two AOCHC molecules is a bimolecular reaction, it is enhanced when PhzF acts at high concentrations of DHHA. However, because AOCHC probably also reacts with other -4-amines e.g. on proteins, it likely is toxic to the cell such that its accumulation must be prevented.
Indeed, the condensation reaction is significantly accelerated by PhzB, a dimeric enzyme of the ketosteroid isomerase / nuclear transport factor 2 family. Each monomer provides a large cavity for the binding of two AOCHC molecules, even if the chain contains only approx. 160 amino acids. The crystal structure of PhzB from Burkholderia lata 383 in complex with two molecules of the AOCHCanalogue 3-oxocyclohexanecarboxylic acid revealed that the relative orientation of the substrate molecules is secured through interaction of their carboxylates with two arginine residues, R41 and R160* from the C-terminus of the other monomer (Fig. 3, [38] ). This C-terminus was found disordered in a ligand-free crystal form of PhzB, indicating that it acts as a lid that covers the active site by arm exchange. It is therefore likely that the AOCHC molecule that interacts with R160* binds second and PhzB hence catalyzes a sequential ordered bi uni mechanism, even if both substrate molecules are identical. Catalysis of the first condensation reaction is achieved by E140, which protonates the oxyanion intermediate emerging during the attack of the amino group from the second AOCHC molecule. Similar to related enzymes that also carry an acidic residue at this position [39] , a hydrophobic environment increases the pKa of E140 such that it will be protonated at the onset of the reaction. The second condensation probably is catalyzed by H73 and S77, which may protonate the second tetrahedral intermediate.
Interestingly, pseudomonads, which are the most prolific phenazine producers, carry a second copy of the phzB gene termed phzA immediately upstream in their phz-operons. Even though PhzA is approx. 70% identical to PhzB, it is inactive in an AOCHC condensation assay, which may be attributable to mutations at the positions equivalent to H73 and S77 of PhzB to leucine [38] . PhzA nevertheless plays a role in phenazine biosynthesis of pseudomonads: McDonald et al. observed that PCA production was reduced to 25% of the wildtype level when PhzA was absent [22] . The molecular basis for this observation is not clear at present.
Using HPLC-coupled NMR spectroscopy, the product of PhzB was detected as hexahydrophenazine-1,6-dicarboxylic acid (HHPDC) isomer 1a [38] , which likely arises through spontaneous conjugation of the double bonds in isomer 1 (Fig. 2) . HHPDC is not stable and undergoes rapid oxidative decarboxylation to tetrahydrophenazine-1,6-carboxylic acid (THPCA). Because this reaction is uncatalyzed, it explains why the asymmetric PCA is always observed as a major product of phenazine biosynthesis, even if the investigated strain uses PDC as a precursor for strain-specific phenazine derivatives [40] .
The final step of "core" phenazine biosynthesis is catalyzed by PhzG, a homodimeric flavin enzyme related to PdxH, a pyridoxine-5'-phosphate oxidase . The FMN cofactor and substrate binding site of PhzG are formed by residues from both chains, and the flexible N-terminus seems to act as a lid that -5-is involved in substrate binding [41, 42] . Surprisingly, trapping experiments with crystals of PhzG from P. fluorescens 2-79, which is a PCA-only producing organism and hence THPCA is expected to be its PhzG's substrate, led to the observation of HHPDC tightly bound to the active center. When diffraction data were collected after several days, however, THPCA was found instead, indicating that PhzG can act on different tricyclic intermediates and thereby contribute to the generation of both PDC and PCA. Together, this suggests that the final oxidative steps in phenazine biosynthesis can follow different routes of enzyme-catalyzed oxidation and oxidative decarboxylation or both: for PDC, PhzG oxidizes HHPDC in two consecutive steps, whereas one oxidative decarboxylation and one PhzGcatalyzed oxidation lead to PCA. Two oxidative decarboxylations would generate unsubstituted phenazine, which was indeed detected in reaction mixtures of PhzF turning over DHHA in the absence or presence of PhzG [42] . The difference between PDC-and PCA-producing strains therefore does not seem to be a consequence of principal differences of their Phz-enzymes but rather rooted in different relative activities of the PhzF, PhzB and PhzG enzymes and the availability of oxygen, as was also corroborated in a recent study by Rui et al. [43] .
Because FMN is a two-electron acceptor, the routes laid out above lead to PDC or PCA in their dihydro form, the reduced state of the phenazine electron shuttle. DHPDC and DHPCA are physiologically relevant derivatives and therefore they, and not the fully aromatic PDC and PCA normally shown in the literature, are very likely the end product of core phenazine biosynthesis. This also explains why the phz-operon contains only one oxidase and is further supported by the finding that enzymes that convert PDC or PCA to strain-specific derivatives possess higher activity towards the reduced substrate [44] .
Conclusions and perspectives
Arriving at an understanding of the chemistry of phenazine biosynthesis has, for a long time, been hampered by the difficulty of isolating the unstable intermediates summarized above. The identification of phenazine biosynthesis genes has alleviated this situation by enabling biochemical and structural experiments that now provide us with a clear picture of the pathway. Its hallmarks are the two unique activities of PhzF and PhzB, which create the tricyclic phenazine scaffold from two identical precursor molecules. While some details of the "core" pathway still require investigation, e.g. the potentially pericyclic nature of the reaction catalyzed by PhzF or the role of the PhzBdoppelganger PhzA in pseudomonads, structural biology is currently turning its focus towards other aspects of phenazine biochemistry such as phenazine-modifying enzymes [45] [46] [47] [48] and phenazine autoresistance proteins [49] . Because research with the Pseudomonas aeruginosa phenazine pyocyanin has shown that phenazines can also modulate host eukaryotic cells, it is to be hoped that these interactions will also be investigated in more detail in the future. The recent structure of a -6-complex with glutathione reductase in a work aimed at understanding the anti-malarial properties of pyocyanin can be regarded as a starting point for such studies [50] .
Another unresolved problem is the biosynthesis of phenazines in Methanosarcina spp., which utilize the membrane-bound methanophenazine (Fig. 1) as a substitute for ubiquinone in their electron transport chain [51] . The genomes of these species do not contain a phz-operon [52] , suggesting that their phenazine biosynthesis follows a different route. It will be interesting to see if principles of the bacterial pathway are also conserved in these archea.
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